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ABSTRACT

The process study presented in this note originates from the interest in investigating the existence of barotropic
planetary Rossby modes in Mediterranean subbasins that have relatively small length scales and include extensive
topographic slopes. First, the flat-bottom case is considered, then the effect of idealized bathymetries is analyzed.
In the flat-bottom case an analytical equilibrium solution of the divergent quasigeostrophic equation forced by
a periodic wind stress curl in a circular domain is recovered numerically in the framework of a primitive equation
model. The initial spinup phase leading to the establishment of the lowest normal mode, the mode in equilibrium
with the wind, and the free mode are then considered in a square domain. The equilibrium response to fluctuating
winds reveals a westward intensification (absent in the inviscid theory as well as for free oscillations) that,
unlike for steady western boundary currents, increases with increasing lateral friction. A dynamical explanation
of this anomalous behavior in terms of vorticity balance is proposed. These westward intensified equilibrium
solutions can be seen as the oscillating counterpart of the steady western boundary currents.

The effect of idealized bathymetries is then analyzed. The presence of shelf and slope topographies representing
larger and larger regions of intense topographic b effect, while leaving the forced response westward intensified,
leads to a progressive shift to lower frequencies of the ground state because of the reduced effective length
scale of the basin. Such shift is also accompanied by a remarkable reduction of the amplitude at resonance. For
large topographic gradients covering more than 90% of the total basin area (a typical situation for the central
Ionian and the Tyrrhenian Seas), the existence of planetary modes and even any sign of westward propagation
is prevented by the overwhelming action of the topographic steering. This property, and that for flat-bottom or
for less extensive topographies planetary resonances do occur, suggests that the choice of Mediterranean to-
pographies in circulation models should not contain regions of unrealistic flat-bottom, otherwise spurious Rossby
resonances could contaminate the model response.

1. Introduction

The Mediterranean Sea dynamics has been, in recent
years, the subject of an intense experimental and mod-
eling research activity (e.g., Millot 1987; Robinson et
al. 1991; Heburn 1994; Malanotte-Rizzoli and Berga-
masco 1991; Beckers 1991; Herbaut et al. 1996; Rous-
senov et al. 1995; Zavatarelli and Mellor 1995; Pinardi
et al. 1997; Pierini and Simioli 1997). Although the
basic physical processes involved in the air–sea inter-
action, the deep-water formation, the thermohaline cir-
culation, the internal mesoscale dynamics, etc., are es-
sentially the same as for large oceans, the resulting cir-
culation shows features such as a strong seasonality and
reversal of currents and a large interannual variability
that are peculiar to this ‘‘small ocean.’’ Analogously, it
is interesting to inquire whether the Rossby dynamics,
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which has proved so important in accounting for the
variability of large oceans, plays a relevant role also in
the Mediterranean Sea, that is, in a situation in which
the scales and the topography are so specific. In this
respect, in this note a numerical process study is pre-
sented concerning the possibility of the existence of
planetary Rossby modes in the Mediterranean Sea. In
order to explain why this problem arises let us briefly
review the basic general concepts and implications re-
lated to the Rossby dynamics.

The barotropic Rossby waves and modes contribute
to determine the subinertial oceanic response to large-
scale winds. Their existence derives from the conser-
vation of potential vorticity attached to any fluid column
and can be of planetary or topographic origin, and in
the form of waves (infinite ocean) or normal modes
(limited ocean). For planetary Rossby waves (PRWs)
the restoring force is provided by the variation of the
Coriolis force with latitude, while topographic Rossby
waves (TRWs) are trapped over topographic features
and derive from a predominantly topographic b effect;
finally, an intermediate case (which one might term to-
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pographically modified PRWs) is that of PRWs, which
are locally modified by topographic variations but retain
their planetary nature. On the other hand, the continuous
spectrum associated to free or forced waves traveling
in the open ocean is complemented by a discrete spec-
trum associated to planetary or topographic Rossby nor-
mal modes (PRMs, TRMs). They are excited resonantly
and owe their existence to the presence of coasts or
strong topographic gradients that, through reflections,
select specific wavelengths, the dispersion relation de-
termining the corresponding eigenfrequencies (e.g., Le
Blond and Mysak 1978; Pedlosky 1987).

The Rossby wave dynamics has proved successful in
describing important features of oceanic currents (par-
ticularly in the North Atlantic and Pacific Oceans) such
as, for instance, the westward intensification of bound-
ary currents (Pedlosky 1965a), the response to large-
scale fluctuating winds (e.g., Pedlosky 1965b; Leetma
1978; Harrison 1979; Willebrand et al. 1980; Frankig-
noul and Müller 1979), boundary current radiation, and,
more in general, the intrinsic forcing of midocean eddies
(e.g., Pedlosky 1977; Malanotte-Rizzoli et al. 1987;
Miller et al. 1987; Malanotte-Rizzoli and Young 1988),
etc. In theoretical studies PRMs often arise because the
limited extent of even a large ocean, such as the Atlantic,
can lead to the excitation of normal modes. Willebrand
et al. (1980) computed the ratio r 5 Tdiss/Tprop between
the characteristic timescale of dissipation and the time
it takes a Rossby wave to propagate westward across
the basin and found that for the Atlantic Ocean r . 1
(and so basin modes can be established) for the 4–5
lowest modes, corresponding to periods ranging from
10 to 15 days. However, in the Atlantic PRMs have
never been unambiguously observed, while in the Pa-
cific Luther (1982) showed persuasive evidence of a
PRM of 4–6 days with an energy e-folding time of less
than three days.

Now, what can be said about the existence of PRMs
in the Mediterranean Sea? In the framework of a flat-
bottom analytical process study Pierini (1990) noticed
that for the typical dimensions and mean depths of Med-
iterranean subbasins, the lowest Rossby eigenperiod T0

can be of the order of 1 month or more, compared to
just 10 days for the Atlantic. Also the spectral separation
between the first few modes should be larger in the
Mediterranean than in the Atlantic (where the modes
are clustered about T0), so that in Mediterranean sub-
basins one could in principle expect the lowest PRMs
to manifest themselves in the form of recognizable west-
ward traveling patterns, corresponding to well-separated
peaks in the power spectrum. Another important dif-
ference between the two cases is that, while in the At-
lantic PRMs determine the high-frequency response to
the wind [T # O (10 days)], in the Mediterranean they
would intervene to affect the seasonal variability.

However, these conjectures are based on computa-
tions in which topographic variations are totally ne-
glected, being just taken into account to compute an

average depth. Is this appropriate in the case of the
Mediterranean Sea? Consider the following numerical
results: westward propagating features in the Eastern
Mediterranean, interpreted as wind-induced PRMs,
were obtained in a wind-driven GCM (Pinardi and Na-
varra 1993) in which the bottom topography was ap-
proximated by a plateau at 1100-m depth. However, in
the same study and in that by Roussenov et al. (1995),
when the topography was satisfactorily resolved, such
features appeared greatly attenuated. This suggests that
the topography plays a major role in the character of
PRMs: again, the Mediterranean Sea differs markedly
from large oceans also in relation to this aspect. Indeed,
while, for example, in the Atlantic, the effect of topo-
graphic features such as the midocean ridge or shelves
on the propagation, transmission, and absorption of
PRMs was found to be important (e.g., Rhines 1969;
Kroll and Niiler 1976; Anderson and Killworth 1977;
Barnier 1984a,b; Miller 1986; Wang and Koblinsky
1994; Matano 1995), but not so dramatic to destroy the
very existence of PRMs, in the Mediterranean the to-
pographic b effect is large almost everywhere so that
one wonders whether PRMs, though modified by the
topography, can exist [a different matter is the possi-
bility of existence of TRMs, which can be expected in
localized regions of the Mediterranean, as shown by
Candela and Lozano (1994) and Pierini (1996), and for
which the first clear observational evidence in world
oceans has been provided very recently by Miller et al.
(1996) in the Iceland–Faeroe ridge].

In this note, an idealized numerical process study is
developed aimed at understanding the effect on PRMs
of a bottom topography that, like in Mediterranean sub-
basins, is formed by wide shelf escarpments that can
cover a large portion of the domain. This numerical
study can be seen as the generalization of the analytical
study by Pierini (1990) to the case in which bottom and
lateral friction and topographic variations are present.
Therefore, in section 2, in order to match the present
model with the analytical one, the analytical solution of
the quasigeostrophic equation describing forced Rossby
modes in a circular domain with flat bottom is repro-
duced numerically by solving an initial value problem
for the shallow-water equations with a white wind forc-
ing. Subsequently, a numerical experiment is presented
in which the initial spinup phase leading to the estab-
lishment of the normal mode, the mode in equilibrium
with the wind, and the free decaying mode are described.
An interesting feature of the forced response is a clear
westward intensification, which disappears when the
wind is switched off and the mode evolves freely, de-
caying because of lateral and bottom friction. In section
3 the westward intensification of the equilibrium solu-
tion is considered in detail. It is found that the inten-
sification increases with increasing lateral friction co-
efficient, unlike for a steady western boundary current
for which the opposite behavior holds. A dynamical
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explanation of this anomalous behavior in terms of vor-
ticity balances is proposed.

In section 4 we then pass to introduce idealized to-
pographies representing larger and larger regions of in-
tense topographic b effect. Their presence, while leav-
ing the forced response westward intensified, leads to
a shift toward smaller frequencies of the Rossby eigen-
modes (because of smaller and smaller effective regions
on which the planetary b effect can act) and amplitudes
remarkably reduced at resonance. These results confirm
the expected important role played by the topography:
The Mediterranean topographic variations are so strong
and extensive that, for instance, in the Tyrrhenian or in
the central Ionian Basin, PRMs can hardly exist. On the
other hand, in subbasins where regions of very small
topographic gradients are present (e.g., the Provençal
Basin west of Sardinia or the southwestern Ionian Sea)
the existence of planetary resonances cannot, in prin-
ciple, be ruled out. Of course, TRMs may be expected
to determine locally the relatively high-frequency (few
days) wind-driven response. Finally, the same results
also indicate that the topography needs to be well re-
solved in circulation models of the Mediterranean, oth-
erwise spurious PRMs could affect the dynamics pro-
duced by the model.

2. Wind-driven response and free oscillations: Flat
bottom

In a process study aimed at determining the response
to a fluctuating wind forcing in a closed domain, Pierini
(1990) considered the linearized, forced, divergent qua-
sigeostrophic equation

] c
2¹ c 2 1 bc 5 F (1a)x21 2]t L

ÏgD curl tz wL 5 , F(x, t) 5 , (1b)
f rD0

where g is the acceleration of gravity, D is the constant
water depth, f 5 f0 1 by is the Coriolis parameter, L is
the external Rossby deformation radius, tw is the wind
stress, r is the water density, and c(x, t) is the stream-
function of the flow, from which the velocity u 5 (cy,
2cx) and the free surface displacement h 5 2(f0/g)c
can be computed. The boundary conditions to be as-
sociated to the divergent problem (1a,b) are

d
2cz 5 C(t), =c·n ds 5 Fd x, (2)]E EE$dt ]E E

where the first expression [C(t) is an unknown function
of time] corresponds to the free-slip boundary condi-
tions and the second one expresses the conservation of
mass. For a circular domain E of radius R and for a
spatially constant wind stress curl oscillating with fre-
quency V, F(t) 5 F̃ exp(2iVt), the equilibrium solution
of (1), (2) in polar coordinates (r, u) valid continuously

also for frequencies larger than the highest Rossby ei-
genfrequency reads (Pierini 1990)

2˜iFf L R w(V, x)0 2iVth (x, t) 5 1 2 e , (3)V 2[ ]gV 4lL G(V)

(the real part of the right-hand side is implied) where

` 2 J (kR)mm 2ikrcosuw(V, x) 5 i J (lr)cos(mu)eO ma J (lR)m50 m m

` 2J (kR)J9 (lR)m mG(V) 5 O
a J (lR)m50 m m 6b 2, m 5 0

2 2 22l 5 k 2 L , k 5 , a 5m 51, m $ 12V

and where Jm are the Bessel functions of the first kind.
On the other hand, the homogeneous version of (1), (2)
(F 5 0) admits solutions in the form of PRMs:

f ¯0 2iV tnh (x, t) } w (x)e , (4)n ng

where the eigenfrequencies n and the (complete andV̄
orthogonal set of) eigenfunctions wn are given by

G( n) 5 0, wn(x) 5 w( n, x).¯ ¯V V

Thus, the equilibrium response (3) resonates at the Ross-
by eigenfrequencies of the system, although solution (3)
does not provide the amplitude for V 5 n because noV̄
limiting mechanisms such as dissipation and nonlinear-
ities are taken into account.

If we now consider a ‘‘white’’ forcing,
NF̃

F(t) 5 sin(V t), (5)O kN k51

where VN 5 2p/Tmin, V1 5 2p/Tmax, and Vk 5 (k 2
1)(VN 2 V1)/(N 2 1) 1 V1), the response will be given
by

N1
h(x, t) 5 h (x, t), (6)O VkN k51

where each (x, t) is provided by (3). We want tohVk

compare (6) with the corresponding numerical solution
in the framework of the linear shallow-water dynamics

(t 2 t )w b 2u 1 f k 3 u 5 2g=h 1 1 A ¹ ut H ,rH 6h 1 =[(D 2 d)u] 5 0t

(7)

where k 5 (0, 0, 1), AH is the lateral eddy viscosity
coefficient, tb 5 rCDbzuzu is the bottom stress, and d(x)
is the bottom topography. The geostrophic velocities
implied by (1a) are not directly comparable to the shal-
low-water velocities in (7) because the latter include
also the ageostrophic Ekman transport; moreover (7)
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FIG. 1. (a) Spectrum of the forcing function (5). (b) Spectrum of
the corresponding sea surface elevation in the middle of the basin
given by the analytical solution (6) (dashed line) and by the numerical
solution of (7) forced by (8) (solid line).

includes frictional effects that are absent in (1a). How-
ever, the comparison between the two sea surface dis-
placements (away from the boundary layers) is justified
because h in (7) drives the pressure-driven velocities
that, in the quasigeostrophic limit, correspond to those
of (1a). In this framework the forcing for (7) corre-
sponding to (5) is given by

Ny 1
t (x, t) 5 x , 0 sin(V t), (8)Ow k1 2R N k51

where x 5 RrDF̃ and, in analogy with the analytical
solution, the origin of the axis is taken in the center of
the square. The initial value problem with no-slip
boundary conditions and vanishing initial conditions for
problem (7) forced by (8), in a square domain of length
2R, is solved numerically by means of a finite-difference
method (Pierini 1996). The parameter values common
to the analytical quasigeostrophic and numerical shal-
low-water solutions are f0 5 0.9 3 1024 rad s21, b 5
1.82 3 10211 rad m21 s21, Tmin 5 10 days, Tmax 5 400
days, and N 5 500; the constant depth D 5 2000 m (d
5 0) and the radius R 5 500 km are chosen as repre-
sentative of typical Mediterranean subbasins. In (7) AH

5 500 m2 s21 and CDb 5 0.002 and the resolution is Dx
5 Dy 5 50 km and Dt 5 30 s. The forcing is x 5 1
dyn cm22 in (8), corresponding to a curlF̃ 5 (2 3 1028

dyn cm23)/(rD) in (5) representing a typical order of
magnitude for the wind stress curl in the Mediterranean.
The importance of the nonlinear terms (u·=)u in the
momentum equations and =(hu) in the continuity equa-
tion were tested by including them in several runs. Their
effect was found to be totally negligible, and this for
wind forcings of realistic amplitudes. In other words no
rectified circulation is to be expected in the following
numerical experiments.

In Fig. 1a the spectrum of forcing (5) is reported,
while Fig. 1b shows the spectra of the response given
by (6) and by the numerical solution of (7) referring to
the central point of the domain. The analytical (inviscid)
and numerical (viscous) solutions are in good agreement
near the primary resonance. They both give a resonance
at about T 5 38 days, corresponding to the lowest PRM;
the amplitude of the analytical inviscid solution is ob-
viously larger than the numerical viscous one, but not
so much near the resonant frequency. Closer to reso-
nance the inviscid solution diverges, while the viscous
response has a finite value. The second mode, corre-
sponding to T 5 70 days (not shown but corresponding
to the out-of-scale resonance at low frequency in the
analytical spectrum) is not resolved by the numerical
model because of the low resolution used, which has
also implied the use of a square domain instead of a
circle, as for the analytical solution. Nonetheless the
numerical eigenfrequency in the square has evidently
not been appreciably shifted with respect to the ana-
lytical eigenfrequency in the circle, because the zonal
extent of the two domains is the same at y 5 R, so the

Rossby mode properties are not expected to differ no-
tably.

In order to analyze the structure of the lowest PRM,
model (7) is forced by

y 1, t # 4T
t (x, t) 5 x , 0 q(t)sin(Vt), q(t) 5w 1 2 50, t . 4T,R

(9)

where V 5 2p/T (T 5 37.88 days) is chosen equal to
the eigenfrequency under consideration. The response
to (9) shows (Fig. 2) the initial spinup phase leading to
the establishment of the normal mode, the mode in equi-
librium with the wind and, for t . 4T, the free mode,
eventually decaying because of dissipative effects. The
spinup is completed in about two cycles: for t , T/2
the negative vorticity input induces an anticyclonic cir-
culation moving westward (Fig. 2b) accompanied by
the birth of a cyclonic gyre at the eastern side of the
basin for T/2 , t , T. The reflection of the Rossby
wave at the western boundary then leads to the asymp-
totic oscillating circulation already after the second cy-
cle. For 2T , t , 4T (i.e., until the wind is switched
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FIG. 2. Numerical solution of (7) forced by (9) with T 5 37.88 d
at y 5 0 (equidistant from the northern and southern boundaries). (a)
Meridional velocity taken 100 km east of the western boundary (solid
line) and 100 km west of the eastern boundary (dashed line). (b) Sea
surface elevation as a function of time. The inclination of the isolines
indicates westward propagation.

FIG. 3. Numerical solution of (7) forced by (9) with T 5 37.88 d
and q 5 1 at y 5 0. Sea surface elevation corresponding to the choice
AH 5 500 m2 s21 (a) and AH 5 10 000 m2 s21 (b).

off) one can observe the equilibrium solution, which
appears to be westward intensified, as results clearly
show both from the x–t diagram (Fig. 2b) and from the
comparison between the western and eastern meridional
velocities (Fig. 2a, see the next section for more details).
For larger times the basin oscillation evolves toward a
free, decaying PRM for which the westward intensifi-
cation disappears (see, for instance, the field for t .
6T). In conclusion we have found that, while the am-
plitude as a function of frequency of the numerical (vis-
cous) response agrees fairly well near primary resonance
with the analytical (inviscid) one, the structure of the
viscous forced solution yields westward intensification.
On the other hand, the presence of dissipative effects
leaves virtually unaltered the frequency and structure of
the inviscid free normal modes, apart from the amplitude
decay.

3. The westward intensification of wind-driven
Rossby oscillations

The westward intensification of the equilibrium forced
solution as results from Fig. 2 is an interesting feature that
will be considered in detail in this section. First, it is worth
noticing that, while in the theory of steady western bound-
ary currents, the intensification is usually denoted by
means of the width of the western boundary layer l, here-
tofore we will refer to a generic westward intensification
of Rossby oscillations (whose quantitative definition is
beyond the scope of this note). In fact, in the periodic case
the intensification does not manifest itself necessarily as
a narrow, time-dependent western boundary layer (in
which case a trivial generalization of l would be available),
but rather as westward propagating, nearly meridional cur-
rent patterns whose amplitudes are larger to the west than
to the east (e.g., see Fig. 2a). It is therefore in this sense
that we speak of intensification of the periodic forced re-
sponse. Let us also stress again that such westward inten-
sification is present in the equilibrium forced solution only,
the free modes being completely symmetrical; moreover,
it is present not only at resonance but (as it results from
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FIG. 4. Bottom depths used in the variable topography runs. In the graph, sections of d(x) at y 5 0
are given for topography A (solid line), B (dashed line), and C (dotted line).

numerical experiments not shown) also far from reso-
nance, where naturally the response is much weaker. The
east–west asymmetry of the forced response cannot be
explained by an inviscid wind-driven theory (Pierini 1990)
nor by a theory that includes linear bottom friction, at least
at first order in the expansion in powers of a damping
parameter (Pedlosky 1965b). Indeed, in both cases the
forced solution is shown to be symmetrical [e.g., see (3)
for the inviscid case], apart from a preferred direction of
the phase speed, and corresponds to the normal mode at
resonance and resembles the closest normal mode away
from resonance.

The only effects missing in the analytical theories
quoted above that are included in model (7) are a qua-
dratic bottom friction and the horizontal eddy viscosity;
therefore the westward intensification of the periodic
forced response here obtained is presumably produced
by at least one of these two effects. However, the former
is found to be completely irrelevant as far as the inten-
sification is concerned because (as it results from nu-

merical experiments not shown) large variations of CDb

leave it unaltered, apart from a sensible variation of the
amplitude. As a consequence the eddy viscosity should
be responsible for the intensification. This is confirmed
by the numerical experiments reported in Fig. 3. In Fig.
3a the forced response at resonance [forced by (9) with
q 5 1 at any time] is shown for the choice AH 5 500
m2 s21 (the same as in the run of Fig. 2), while in Fig.
3b the solution for AH 5 10 000 m2 s21 is reported.
Apart from the amplitude, which is obviously smaller
in the second case, the westward intensification appears
more intense in the more viscous case.

It should be noticed that, while the westward inten-
sification of the periodic response increases with in-
creasing AH (at least within the range of values of AH

considered here), the opposite holds in the case of a
steady western boundary current for which a measure
of the intensification, for example, the inverse of the
width of the Munk layer, decreases with increasing AH

as (e.g., Pedlosky 1987)
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FIG. 5. Numerical solution of (7) forced by (8). (a) Sea surface
elevation in the middle of the basin in the flat-bottom case (thick
solid line) and for topography A (solid line), B (dashed line), and C
(dotted line). (b) Corresponding spectra.

1/3
b

21l 5 .1 2AH

This anomalous behavior can be explained as follows.
Let us first consider a steady western boundary current.
This is an intrinsically viscous flow, which derives its
steady character by the very existence of lateral friction:
its vorticity input on the west side balances the loss (or
gain, depending on the sign of the wind stress curl) of
relative vorticity due to the wind and the induction by
planetary vorticity, while the Sverdrup balance on the
east side holds, being virtually unaffected by viscosity.
Thus, a larger value of AH provides the same vorticity
input through a weaker western shear, corresponding to
a weaker westward intensification. Quite different is the
situation of an inviscid Rossby oscillation in equilibrium
with the wind. In this case the departure from the Sver-
drup balance is everywhere compensated instantane-
ously by the inertial term giving the rate of change of
relative vorticity [the first term in the lhs of (1a)] instead
of viscosity. Here, however, no asymmetry is introduced
in the flow structure, as stressed above.

If, on the other hand, lateral friction is present [given
by a term AH¹4c to be added to the rhs of (1a)], this
balance is modified in such a way that the concurrent
action of wind, b effect, and viscosity produces a west-
ward intensification in a manner analogous to that of a
western boundary current. However, since in the limit
AH 5 0 the solution is symmetrical, the intensification
must increase with increasing AH, at least for moderate
values of lateral friction. In summary, in the highly
idealized linear model made of a spatially constant wind
stress curl with a mean and a fluctuating part given by
a sum of Fourier components, in the limit AH → 0 the
westward intensification is concentrated in the steady
boundary current, whereas for increasing values of AH

it manifests itself also in the fluctuating component
while it is weaker and weaker in the steady part of the
flow.

The westward intensification of forced Rossby oscil-
lations was already noticed in the context of long-period
tidal models (Wunsch 1967; Carton 1983; Miller et al.
1993), but no anomalous behavior of the intensification
was observed when eddy viscosity was considered (this
is not surprising in view of the difference between the
wind-driven and the long-period tidal problems). There-
fore, the behavior of the intensification described above
appears to be peculiar to the present wind-driven model.

4. Wind-driven response and free oscillations:
Variable topography

In sections 2 and 3 the analytical inviscid and the
numerical viscous theories of wind-driven fluctuations
in a closed domain with flat bottom have been analyzed.
We are now ready to pass to the more realistic case in
which, in the framework of the numerical shallow-water
model (7), a variable bottom topography d(x) is intro-

duced. It is chosen as a continental shelf for which the
shallow water along the coasts (100 m) is connected to
deep water (2000 m) through a sinusoidal slope (Fig.
4). Three cases are considered: topography A is a narrow
shelf for which the central flat-bottom deep water region
covers about 80% of the domain, topography B repre-
sents an intermediate case; while for topography C the
area of the deep water region is less than 5% of the
total. This last case represents very schematically sit-
uations like that of the Tyrrhenian Sea or the central
Ionian Basin, while milder topographies like those of
cases A and B resemble more the Provençal Basin west
of Sardinia or the southwestern Ionian Sea, where
regions of small topographic gradients are present.

Figure 5 shows the response to forcing (8) in the
middle of the basin (Fig. 5a) and the corresponding
spectra (Fig. 5b) for the flat-bottom case (thick solid
line, equal to the solid line of Fig. 1b) and for topog-
raphy A (solid line), B (dashed line), and C (dotted line).
Two features are immediately apparent. First, the flat-
bottom resonance at T 5 37.88 d shifts to lower fre-
quencies for more and more extensive topographies (T
5 45.45 d for topography A and T 5 62.5 d for to-
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FIG. 6. Numerical solution of (7) forced by (9) for topography A
with T 5 45.45 d at y 5 0 (equidistant from the northern and southern
boundaries). (a) Meridional velocity taken 150 km east of the western
boundary (solid line) and 150 km west of the eastern boundary
(dashed line). (b) Sea surface elevation as a function of time. The
inclination of the isolines indicates westward propagation.

FIG. 7. Numerical solution of (7) forced by (9) for topography A
with T 5 45.45 d and q 5 1 at y 5 0. Sea surface elevation cor-
responding to the choice (a) AH 5 500 m2 s21 and (b) AH 5 10 000
m2 s21.

pography B, while topography C does not yield any
resonant peak). Second, the amplitude of the resonance
decreases markedly when the topography is present. The
shift to lower frequencies can be explained by consid-
ering that the large topographic b effect associated with
the coastal shelf and slope regions acts as an equivalent
lateral boundary as far as the reflection of Rossby waves
is concerned, according to results concerning the re-
flection properties of topographic barriers (e.g., Barnier
1984a; Wang and Koblinsky 1994; Matano 1995). The
consequent reduction of the effective area over which
the mode adjusts implies a reduction of the resonant
frequency. At the same time, since the ‘‘topographic’’
boundaries also transmit some energy to the shallow
coastal waters, the reflected energy giving rise to the
normal mode will be smaller than that of the flat-bottom
case, so that the amplitude of the modes will be smaller
as a result.

In Fig. 6 the same numerical experiment of Fig. 2 is
reported in the case of topography A. The westward
propagation associated with the PRM is limited to the
flat-bottom area, in agreement with the discussion
above, while over the shelves the sea level cooscillates
with the forcing (see also Fig. 10 below). The westward
intensification during the forced phase is present also
in this case with variable topography and, again, it dis-
appears in the unforced evolution, during which the dis-
sipative effects act more efficiently than in the flat-bot-
tom case. Comparing Fig. 6 with Fig. 2, one can notice
that the intensification of the forced lowest PRM has a
more pronounced character for topography A than in
the flat-bottom case. Figures 7a and 8a show the re-
sponse at resonance for topographies A and B with AH

5 500 m2 s21 and q 5 1 at any time, and when compared
with the response at resonance for flat-bottom (Fig. 3a)
they show the general tendency for an increased inten-
sification for more extensive topographies, the effective
western boundary being approximately given in each
case by the line of maximum depth, east of which the
topographic gradient vanishes.
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FIG. 8. Numerical solution of (7) forced by (9) for topography B
with T 5 62.5 d and q 5 1 at y 5 0. Sea surface elevation corre-
sponding to the choice (a) AH 5 500 m2 s21 and (b) AH 5 10 000 m2

s21.

FIG. 9. Numerical solution of (7) forced by (9) for topography C
with T 5 62.5 d and q 5 1 at y 5 0. Sea surface elevation corre-
sponding to the choice (a) AH 5 500 m2 s21 and (b) AH 5 10 000 m2

s21.

The effect of increasing the lateral friction on the
intensification is shown in Figs. 7 and 8 for topographies
A and B, respectively, where the cases AH 5 500–10 000
m2 s21 are compared in the continuously forced run.
Also in this case the intensification increases as friction
increases like in the flat-bottom case, but furthermore
another effect is revealed that was present, though less
evident, for flat bottom as well (Fig. 3): The increased
intensification is accompanied by a smaller region where
the westward propagation can be observed, and it is
characterized by a larger westward phase speed, that is,
by less inclined isolines in the x–t diagram (compare
Fig. 3a with 3b, 7a with 7b, and 8a with 8b).

We have already observed that for topography C no
resonant peak appears in the spectum of the response
to a white forcing (Fig. 5b, dotted line). This is clearly
due to the overwhelming action of the topographic b
effect that cancels out any sign of dynamics determined
by the planetary b effect. This also implies the absence
of westward propagation, as appears evident in Fig. 9,
where the continuously forced solution is shown for a

forcing frequency V chosen equal to the resonant fre-
quency of topography B (any other choice of V would
lead to analogous conclusions). In this extreme topo-
graphic case (corresponding, however, to a typical sit-
uation for some Mediterranean subbasins), the response
to a monochromatic wind is shaped by the topography
and by the spatial variation of the wind stress curl
(which in this case is absent being chosen constant over
the basin), and no planetary effects intervene to enrich
the oceanic dynamics, as it is—on the contrary—the
case when less extensive topographies allow for the ex-
istence of PRMs. In Fig. 10 it is clearly shown how the
fluctuating sea surface elevation (i.e., with a high degree
of accuracy, the barotropic streamfunction) reflects
closely the isobaths in the case of topography C, while
for topographies A and B this happens only over the
coastal region where the effect of the topographic gra-
dient is overwhelming, while in the interior the PRM
is present. For topographies A and B, one can also notice
shelf-trapped oscillations propagating along the shelf
that can be interpreted as shelf waves excited either by
direct forcing of the wind or by topographic coupling
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FIG. 10. Snapshots of the sea surface elevation representing a significant part of the whole cycle in the flat-bottom
case and for the three topographies considered in this note. The four series of pictures correspond to Fig. 3a (t0 5 175
d, T 5 37.88 d), 7a (t0 5 165 d, T 5 45.45 d), 8a (t0 5 165 d, T 5 62.5 d), and 9a (t0 5 165 d, T 5 62.5 d), respectively.
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FIG. 11. Numerical solution of (7) forced by (8). Spectra of the sea surface elevation in the middle of
the basin (solid lines, see Fig. 5b) and corresponding response for b 5 0 (dashed lines).

with the PRM, as described by Miller (1986) in his study
on free PRMs in a similar geometric context.

Figure 11 summarizes in a simple way the results of
this section: The solid lines represent the spectra of the
responses for the various topographic cases to the white
wind forcing (from Fig. 5b), while the dashed lines rep-
resent the corresponding spectra obtained by solving the
same problem after having removed the planetary b
effect, and therefore the Rossby wave dynamics. In the
flat-bottom case the two responses do not share any
similarity, while for topographies A and B the f-plane
dynamics suppresses the resonant peak, but the ampli-
tude response is not so divergent from the realistic case
away from resonance. For topography C, on the other
hand, the two responses are virtually identical, the b
effect being totally negligible in this case.

We have therefore some new elements to assess the
role played by the planetary b effect in the Mediter-
ranean Sea. It should be noticed that such effect is two-

fold: (i) it serves as a correction to f0 in providing a
more correct rotation rate at different latitudes and (ii)
it provides the restoring force for planetary Rossby
waves and modes. As far as point (i) is concerned, Ma-
lanotte-Rizzoli and Bergamasco (1989) noticed that the
planetary b effect in the Eastern Mediterranean is almost
one order of magnitude smaller than the topographic b
effect, with the consequence of a virtually identical re-
sponse to climatological winds with and without b [in
a peculiar small-scale region of the Mediterranean such
as the Strait of Sicily, Pierini (1996) found that the
topographic b effect is more than two orders of mag-
nitude larger than the planetary one, with the consequent
possible excitation of localized high-frequency topo-
graphic Rossby modes]. Pierini and Simioli (1997) ob-
served that the beta plane is, nevertheless, a better
choice than the f plane for Mediterranean general cir-
culation studies since, despite the small meridional ex-
tension, the by correction to f0 is not completely neg-
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ligible. As far as point (ii) is concerned, the present
results show how the topographic b effect overcomes
the planetary one in situations representing extreme ide-
alizations of Mediterranean subbasins. The restoring
force provided by the topographic steering for a bottom
topography like that of case C (representing very sche-
matically basins such as the Tyrrhenian or the central
Ionian Sea) prevents the existence of PRMs. On the
other hand, regions of very small topographic gradients
are present in the Mediterranean Sea (e.g., the Provençal
Basin west of Sardinia or the southwestern Ionian Sea)
that resemble more topographies A and B and where
therefore the existence of planetary resonances, though
modified by the topography as described in this section,
cannot in principle be ruled out.

Another obvious consequence of the results of this
section is that, if, for instance, for a real topography
given by case C one introduces in a circulation model
a rough representation of it, say topography B, then the
result is the appearence of a spurious resonance (as in
the dashed line of Fig. 5b) that is actually absent in the
real case (dotted line of Fig. 5b). In other words, the
choice of the Mediterranean topography in circulation
models should not contain regions of unrealistic flat
bottom, otherwise spurious Rossby resonances could
contaminate the model response.

In conclusion, the idealized process study presented
in this note puts in evidence, in one of the simplest
possible ways, the transition from a planetary-controlled
dynamics driven by fluctuating winds in a closed do-
main to a topographically controlled one. Naturally, a
single layer model tends to overestimate the effect of
bottom topography on the circulation, since the real to-
pographic vortex stretching depends on the bottom ve-
locity instead of the usually larger vertically averaged
velocity considered here. Nevertheless, the results pre-
sented in this note are expected to describe sufficiently
well the role of topography on the wind-driven planetary
modes. Finally, although this study originated from the
interest in investigating on the possible existence of
barotropic planetary Rossby modes in Mediterranean
subbasins, general features of planetary modes (such as
their westward intensification and relative anomalous
behavior as a function of lateral friction in the forced
case, and their dependence in frequency and spatial
structure on the bottom topography) are determined that
can also find application in different world oceans.
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